The normal products of the murine Steel (Sl) and Dominant white spotting (W) genes are essential for the development of melanocyte precursors, germ cells, and hematopoietic cells. The Sl locus encodes stem cell factor (SCF), which is the ligand of c-kit, a receptor tyrosine kinase encoded by the W locus. One allele of the Sl mutation, Sl 17H , exhibits minor hematopoietic defects, sterility only in males, and a complete absence of coat pigmentation. The Sl 17H gene encodes SCF protein which exhibits an altered cytoplasmic domain due to a splicing defect. In this paper we analyzed the mechanism by which the pigmentation phenotype in Sl 17H mutant mice occurs. We show that in embryos homozygous for Sl 17H the number of melanocyte precursors is severely reduced on the lateral neural crest migration pathway by e11.5 and can no longer be detected by e13.5 when they would enter the epidermis in wildtype embryos. The reduced number of dispersing melanocyte precursors correlates with a reduction of SCF immunoreactivity in mutant embryos in all tissues examined. Regardless of the reduced amount, functional SCF is present at the cell surface of fibroblasts transfected with Sl 17H mutant SCF cDNA. Since SCF immunoreactivity normally accumulates in basolateral compartments of SCF-expressing embryonic epithelial tissues, we analyzed the localization of wildtype and Sl 17H mutant SCF protein in transfected epithelial (MDCK) cells in vitro. As expected, wildtype forms of SCF localize to and are secreted from the basolateral compartment. In contrast, mutant forms of SCF, which either lack a membrane anchor or exhibit the Sl 17H altered cytoplasmic tail, localize to and are secreted from the apical compartment of the cultured epithelium. We suggest, therefore, that the loss of melanocyte precursors prior to epidermal invasion, and the loss of germ cells from mature testis, can be explained by the inability of Sl 17H mutant SCF to be targeted to the basolateral compartment of polarized epithelial keratinocytes and Sertoli cells, respectively.
INTRODUCTION
Mutations at the Steel (Sl) and Dominant white spotting (W) loci in mice lead to absence of melanocyte populations in the skin and inner ear, sterility in both males and females, anemia, mast cell deficiencies, and other developmental defects Maeda et al., 1992; Morrison-Graham and Takahashi, 1993; Galli et al., 1994; Motro et al., 1996) . Mutations at the W and Sl loci affect the structure and function of the receptor tyrosine kinase, c-kit, and its ligand, Steel factor (a.k.a. stem cell factor (SCF), mast cell growth factor, and kit-ligand (KL)), respectively.
As a receptor-ligand pair, phenotypic effects of the respective mutated genes are almost identical, except, of course, that W mutations are cell autonomous, whereas Sl mutations are not. A large number of alleles for both the W and the Sl loci have been identified and molecularly analyzed (Morrison-Graham and Takahashi, 1993; Bedell et al., 1996) . At the Sl locus, several alleles exhibit complete deletions of the Sl gene (Bedell et al., 1996) or alterations in the enhancer regions of the Sl gene (Steel-panda, Sl pan ; Steel-contrasted, Sl con ), which affect mRNA levels of SCF in various tissues Bedell et al., 1995) . There is, however, a small class of Sl mutations affecting the coding sequence of SCF and therefore changing the structure of the expressed SCF protein. In these two mutations, Steel-dickie (Sl d ) and ), the c-kit binding domain of SCF remains functional (Brannan et al., 1991 (Brannan et al., , 1992 Flanagan et al., 1991) . Nevertheless, the phenotype of Sl d is almost as severe as a Sl deletion, and Sl
17H
exhibits complete absence of coat pigmentation. Interestingly, Sl 17H males are sterile, whereas females are fertile (Brannan et al., 1992) . Furthermore, although the Sl 17H mutation leads to altered homing behavior of hematopoietic precursors (Tajima et al., 1998) , it causes only minor effects in hemopoiesis.
Wildtype SCF is expressed in two alternatively spliced, initially membrane-bound forms. The alternatively spliced exon 6, which is present in the larger splice form of SCF (KL-M1; Fig. 1 ), codes for an extracellular site of proteolytic processing, so that an active form of SCF is released after a half-life of 15 to 30 min at the cell surface (Flanagan et al., 1991; Huang et al., 1992) . The smaller splice form (KL-M2; Fig. 1 ) remains membrane bound, but can also be cleaved at alternative proteolytic sites, with a half-life of 3 to 5 h (Huang et al., 1992) . The Sl d allele exhibits a deletion of the transmembrane and cytoplasmic domain of SCF yielding constitutively secreted SCF (Brannan et al., 1991; Flanagan et al., 1991) . The strong phenotypes associated with this mutation show clearly that membrane-bound SCF is essential for the survival of SCF-dependent cell populations. Although secreted SCF is not sufficient to promote survival of c-kit-expressing melanocyte precursors it can transiently support their migration from the neural tube onto the lateral neural crest migration pathway (Wehrle-Haller and Weston, 1995) . Therefore, secreted SCF either exerts a chemotactic response toward c-kit-expressing melanocyte precursors or provides long-range survival cues before melanocyte precursors reach the dermatome and remain associated with the dermatome-derived dermal fibroblasts expressing membrane-bound SCF (Wehrle-Haller and Weston, 1997) .
Another mutant allele at the Sl locus, Sl 17H , exhibits a pronounced coat color phenotype similar to Sl d . In contrast to Sl d , however, Sl 17H is a point mutation that affects the splice acceptor for the exon encoding the cytoplasmic tail of SCF. Sl 17H mutant SCF exhibits a normal extracellular and transmembrane domain followed by a cytoplasmic tail, the deduced sequence of which is similar in length but com-pletely changed in its amino acid composition ( Fig. 1 ) (Brannan et al., 1992) . Functionally active SCF can be found in the supernatant of cultured fibroblasts transiently transfected with Sl 17H cDNA (Brannan et al., 1992; Cheng and Flanagan, 1994) . Because functional SCF appears to be secreted, and a membrane-bound form is made by mutants, the cause of the pigmentation defect in Sl 17H mutant animals is puzzling. It is possible, however, that Sl 17H mutant SCF exhibits a misfolded cytoplasmic tail that negatively affects the membrane insertion or protein stability of SCF and thereby reduces the amount of surface-expressed mutant protein. This hypothesis is consistent with the report (Cheng and Flanagan, 1994 ) that less Sl 17H mutant SCF can be detected by a c-kit alkaline phosphatase fusion protein on the surface of transiently transfected COS cells in vitro. The fact that only 10% of the total number of germ cells can be found in the genital ridges in Sl 17H homozygous embryos (Brannan et al., 1992) would also be consistent with a reduced expression of SCF protein.
In order to gain further insight into the nature of the pigmentation defect in the Sl 17H mutation, we analyzed the melanocyte precursor migration pattern in homozygous Sl 17H mice using c-kit and tyrosinase-related protein-2 (TRP-2) mRNA as specific markers for premigratory and migratory melanocyte precursors in whole-mount in situs of mouse embryos (Steel et al., 1992; Wehrle-Haller and Weston, 1995) . In addition, we analyzed the SCF protein expression in wildtype embryos and compared it with the SCF protein distribution in Sl 17H mutant tissue. In vitro, we expressed wildtype and mutant forms of SCF in fibroblasts and analyzed cell surface expression and binding capabilities to c-kit-expressing melanocyte precursors. Furthermore, we analyzed the localization and secretion of wildtype and mutant SCF in polarized epithelial (MDCK) cells. We observed a severely reduced but persistent number of melanocyte precursors on the lateral neural crest migration pathway at e11.5 and e12.5. This correlates with reduced SCF immunoreactivity in the dermatome of Sl 17H mutant embryos at e10.5. We suggest that the reduction of functionally active Sl 17H mutant SCF protein on the surface of COS-7 cells reflects this finding. Subsequently, melanocyte precursors completely disappear prior to their epidermal invasion. We postulate, based on wildtype and Sl 17H mutant SCF immunoreactivity and evidence of localization and secretion of SCF in epithelial tissues, that both the complete loss of germ cells after sexual maturation in males and the disappearance of melanocyte precursors prior to invasion into the epidermis are caused by the failure to target Sl 17H mutant SCF to the basolateral compartment in polarized SCF-expressing epithelial Sertoli cells and keratinocytes.
MATERIAL AND METHODS

Mice and Embryonic Genotyping
Sl
17H mutant mice were obtained from Neal Copeland and were bred in a C3H background. Within the C3H background, homozygote Sl 17H mutant animals are white with black eyes; heterozygote animals exhibit white hairs on the forehead with otherwise normal pigmentation. Previous studies on the Sl 17H germ-cell phenotype by Brannan et al. (1992) F2 animals often displayed partially pigmented ears and a few pigmented hairs on the back at lumbar axial levels. Heterozygous F1 animals which had been test mated were used to produce homozygous embryos. Embryos were dissected between e10.5 and e13.5 (e0.5 at the detection of the plug) and their genotypes were identified from limb bud tissue as described (Wehrle-Haller et al., 1996) . The genotypes of the embryos were determined with a primer pair corresponding to the D10Mit96 microsatellite marker (Research Genetics), which maps within 1 cM of the Sl locus (forward primer, CTTCTTTGAAGTTAGATG-CAGCC, and reverse primer, TACGGAGAAGGGAACACCTG; Mouse Genome Database; Whitehead Institute/MIT Center for Genome Research; Copeland et al., 1993; Dietrich et al., 1994) . PCR amplification with this primer pair yielded a 127-bp band from the mutant C3H chromosome and a 153-bp band from the wildtype C57Bl6 chromosome. To increase the size of the PCR products, which allowed better visibility on agarose gels, a new "forward" primer was designed based on the published sequence of the D10Mit96 marker (new forward primer, CTGGAGACACATGCG-CAGAC). With the new primer pair, bands of 167 and 193 bp were obtained for the C3H Sl 17H mutant and the C57Bl6 wildtype chromosome, respectively. Previous genotype results with the D10Mit96 were confirmed with this new primer pair (not shown).
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization with the probes for TRP-2 (Steel et al., 1992) and mouse c-kit was done with at least three embryos for each stage and genotype, as described in Wehrle-Haller et al. (1996) . Detailed protocols will be provided on request.
Antibodies and Immunohistochemistry
A polyclonal rabbit anti-mouse SCF/GST antiserum was used for immunohistochemistry as well as Western blotting of SCF (Wehrle-Haller et al., 1996) . Anti-SCF/GST antibodies were affinity purified with recombinant double-tagged mouse SCF (N-terminal His tag (Invitrogen) and internal Myc tag (Fig. 1) ; Wehrle-Haller et al., 1996) . Double-tagged SCF was purified from bacterial lysates by affinity chromatography on a Ni 2ϩ NTA-agarose column (Qiagen). Purified recombinant SCF was coupled to CNBr-activated Sepharose (Pharmacia) and polyclonal rabbit anti-mouse SCF/GST was adsorbed to the column. After extensive washing with PBS, anti-SCF antibodies were eluted with 0.1 M glycine, pH 2.5, and immediately neutralized with 1 M Tris, pH 8.0. Purified antibodies were used in concentrations of 1/200 to 1/50 on sections depending on the amount of antibody recovered from the affinity column. Further adsorption of the affinity-purified antibodies with e15.5 embryo acetone powder obtained from Sl/Sl homozygous embryos did not further increase the specificity of the immunohistochemical staining (Wehrle-Haller et al., 1996) .
C57Bl6 wildtype embryos and homozygous and wildtype embryos from F1 Sl 17H /ϩ dated matings were used for immunohistochemistry. Embryos were fixed for 2 h or overnight in ice-cold 4% paraformaldehyde in PBS, washed with PBS, dehydrated, and stored in methanol at Ϫ20°C. For sectioning, embryos were gradually rehydrated in 20 mM Tris, pH 7.4; 150 mM NaCl (TBS) with 0.1% Tween 20 (TBST) and then heat treated for 30 min at 70°C in order to inactivate endogenous alkaline phosphatases. Embryos were subsequently submersed in 30% sucrose, embedded in OCT, frozen on dry ice, and sectioned at 16 m. Sections were collected on gelatin/alum-coated slides, air dried, and stored at Ϫ20°C. To resume antibody staining, sections were briefly postfixed for 1 min, washed with TBST, and blocked with 2% heat-inactivated BSA (70°C for 15 min; hiBSA) in TBST for 30 min. Primary affinitypurified rabbit anti-mouse SCF antibodies were applied for 75 min, dissolved in blocking solution. Sections were washed 3 ϫ 5 min each with blocking solution. Goat anti-rabbit alkaline phosphatase-conjugated secondary antibodies (Cappel) (diluted 1/500) were adsorbed with e13.5 heat-inactivated mouse acetone powder (70°C for 30 min) in 2% hiBSA in TBST for 1 h at 4°C with continuous rocking. Adsorbed secondary antibody was cleared by centrifugation and applied to the sections for 1 h. Sections were washed as above and subsequently incubated with adsorbed (see above) rabbit anti-goat alkaline phosphatase-conjugated antibody (Cappel) diluted at 1/1000 in blocking solution for 1 h.
For antigen detection, sections were washed 3 ϫ 5 min with blocking solution, 1 ϫ 5 min with TBST, and 1 ϫ 5 min with color-developing buffer (100 mM Tris, pH 9.5; 100 mM NaCl; 50 mM MgCl 2 , and 0.1% Tween 20). Staining was performed for 1 to 3 h in color-developing buffer containing 0.33 mg/ml nitroblue tetrazolium salt (NBT) and 0.166 mg/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in the dark. Stained sections were washed with TBST and embedded in glycerol. Sections were viewed under bright field on a Zeiss Axiovert 100 equipped with a digital camera (Hamamatsu). Adjustments of contrast and brightness were done in PhotoShop (Adobe) and performed identically between experimental and control sections. Mutant and wildtype sections were obtained from littermates treated identically and in parallel. Furthermore, staining, color reaction, and exposure times were identical between wildtype, mutant, or control sections, in order to reveal relative differences in intensity and staining patterns of SCF immunoreactivity.
SCF Constructs and Transient Transfection of COS-7 Cells
Mouse SCF cDNAs KL-S, KL-M1, and KL-M2 in pcDNAI (Invitrogen) were obtained from Dr. J. Flanagan, Boston (Flanagan et al., 1991) . These cDNAs code for the longer (KL-M1) and shorter (membrane bound, KL-M2) splice variants, whereas KL-S encodes only the proteolytically released form of SCF derived from the KL-M1 splice variant (Flanagan et al., 1991) . To allow immunohistochemical detection of expressed mouse SCF proteins, a 10-amino-acid epitope tag recognized by the 9E-10 mAb against human c-myc (Evans et al., 1985) was introduced into the linker region following the growth factor domain and before the end of exon 5 (Fig. 1) . Overlapping primers (forward primer, GTCCCGAG-CAGAAGCTTATCTCCGAGGAGGACCTCG; reverse primer, GACCGAGGTCCTCCTCGGAGATAAGCTTCTGCTCGG) were synthesized, annealed, and ligated into the unique ppuMI site, creating a Gly-Pro duplication separated by the myc epitope tag. Secreted myc-tagged SCF was tested for its biological activity in mouse neural crest cultures in which it induced melanocyte proliferation and differentiation (Morrison-Graham and Weston, 1993) . The large (KL-M1) and small (KL-M2) splice variants coding for the Sl 17H mutant version of SCF were constructed with overlap extension using PCR (Ho et al., 1989) . Two partially complementary primers which recreated the mutated splice site in Sl 17H mutant SCF were designed. The reverse primer at the mutated site (TTGCAACATACTTCCAGTATAAGGCTCC) was used together with a 5Ј-located T7 forward primer to amplify the N-terminal region of either myc-tagged KL-M1 or KL-M2 by PCR. The other primer amplified the C-terminal portion and 3Ј untranslated region of mouse SCF from spleen reverse-transcribed mRNA by PCR (forward primer, ATACTGGAAGTATGTTGCAACAGAAAG-AGA; reverse primer located in 3Ј UTR, ATACTGCAGCAAA-CATGAACTGTTACCAGCC). Both PCR products which were partially overlapping at the Sl 17H mutant region, together with the T7 and reverse 3Ј UTR primer, were included in a PCR yielding the Sl 17H mutant sequence for either the large (KL-M1) or the membrane-bound (KL-M2) splice variants. The mutant sequences in the vicinity of the Sl 17H mutant site were confirmed by dideoxy sequencing.
To visualize SCF localization in living cells, we incorporated the EGFP (enhanced green fluorescent protein; Clontech) gene in frame into the above-mentioned constructs (Fig. 1) . EGFP was inserted 3Ј of the myc tag using PCR overlap extension (see above). The N-terminal SCF sequence was amplified with a T7 forward and the reverse myc tag primer (see above). This product was partially overlapping to EGFP amplified with a forward primer, GGAG-GACCTCGGTCAGGCCACCATGGTGAGCAAG, and reverse primer, TCGCTCGAGACCGGTCTTGTACAGCTCGTCC. The stop codon in EGFP was replaced with an AgeI site followed by a XhoI site, which were used to insert the wildtype and mutant transmembrane and cytoplasmic sequences previously amplified with an AgeI-containing forward primer (for KL-M1 sequences) AGAACCGGTCCCGAGAAAGATTCC or (for KL-M2 sequences) AGAACCGGTCCCGAGAAAGGGAAAG and a reverse SP6 primer located 3Ј of the multiple cloning site in pcDNA3. Constructs were sequenced and judged functional due to their membrane staining and ability to immobilize melb-a cells when transiently expressed in COS-7 cells (see Results). Supercoiled plasmid DNA was purified by Qiagen plasmid maxipreps and CsCl banding. Concentrations were determined spectroscopically.
COS-7 cells were obtained from ATCC and cultured in 10% FCS in DMEM. Transient transfection was done with the LipofectAMINE reagent (Gibco) according to the manufacturer's recommendation. Briefly, cells were seeded at 250,000/well in a six-well plate (Falcon), the day before transfection. One microgram of plasmid DNA in 100 l OptiMEM (Gibco) was mixed with 6 l LipofectAMINE in 100 l OptiMEM and incubated for 30 min at room temperature. Cells were washed with OptiMEM and incubated with the transfection mixture (volume adjusted to 1 ml with OptiMEM) for 6 h, after which the transfection solution was replaced with 10% FCS in DMEM. For coculture experiments with melb-a cells and expression of EGFP-tagged SCF, COS-7 cells were transiently transfected with Fugen 6 (Roche), according to the manufacturer's recommendations.
COS-7 Cell-Surface Biotinylation, Avidin Precipitation, Western Blotting, and Coculture Experiments
Forty-eight hours after transfection, cells were washed 3 ϫ 5 min with prewarmed wash buffer (140 mM NaCl, 5 mM KCl, 0.5 mM MgSO 4 , 1.5 mM CaCl 2 , 0.05% NaHC0 3 , and 0.1% glucose at pH 7.5). During washes a 0.5 mg/ml Sulfo-NHS-biotin (Pierce) solution was prepared in wash buffer by diluting a 100 mg/ml stock of Sulfo-NHS-biotin dissolved in DMSO (prepared immediately before the experiment). The cells were biotinylated for 15 min at 37°C with occasional rocking. After biotinylation, cells were chilled on ice and rinsed once with ice-cold wash buffer and subsequently blocked with DMEM containing 10% FCS. Biotinylated cells were washed with wash buffer and then extracted with 0.5 ml lysis buffer for 10 min on ice with occasional rocking (120 mM NaCl; 50 mM Tris-HCl, pH 8.0; 1% NP-40; 0.5% deoxycholate; 0.1% SDS; 1 mM PMSF; and 1 g/ml chymostatin, leupeptin, antipain, and pepstatin, each). Biotinylated proteins were precipitated with 50 l of a 50% suspension of avidin-agarose beads (Pierce) for 2 h at 4°C. Beads were washed once with 0.5 ml lysis buffer and twice with 1 ml TBST. Beads were boiled for 5 min in 50 l 1ϫ SDS-PAGE buffer containing ␤-mercaptoethanol. Proteins were separated on 12% SDS-PAGE and transferred to nitrocellulose according to standard protocols. Blots were blocked in 1% BSA in TBS and incubated with a rabbit anti-mouse SCF/GST polyclonal antiserum diluted 1/1000 in blocking buffer or 5 g/ml anti-myc (9E-10) monoclonal antibody in blocking buffer. Nitrocellulose blots were washed with TBST and incubated with goat anti-rabbit antibodies conjugated either to alkaline phosphatase (Bio-Rad) or to peroxidase (Jackson ImmunoResearch) or with goat anti-mouse antibodies conjugated to peroxidase (Chemicon). Each secondary antibody was diluted 1/1000 in 1% BSA in TBS. Blots were developed with NBT/BCIP (see above) or with ECL reagents (Amersham).
As an internal control for transfection efficiency and respective synthesis of SCF proteins, we compared identical fractions of the total cell lysates for SCF immunoreactivity on Western blots. The obtained band represents the sum of transfection efficiency, protein synthesis, and half-life of the SCF protein under steady-state conditions. Only the surface biotinylations in which steady-state levels of SCF protein were comparable between wildtype and mutant proteins of a respective splice variant were analyzed (see Results). Furthermore, we used monoclonal antibody 9E-10 (Evans et al., 1985) to reveal the myc-epitope-tagged wildtype and mutant SCF protein, in order to exclude possible changes in anti-SCFantibody avidity toward mutant SCF protein.
The c-kit-expressing and SCF-dependent melanoblast cell line melb-a was obtained from Dr. Dot Benett (London) (Sviderskaya et al., 1995) and cultured in RPMI medium with 10% FCS, 20 ng/ml SCF, and 40 pM bFGF. For coculture experiments, melb-a cells were washed, trypsinized, and blocked in RPMI containing 10% FCS and resuspended in RPMI without serum or growth factors. Melb-a cells were then added to previously transfected COS-7 cells and cultured in serum-free RPMI medium. Cultures were fixed after 24 h and fields were photographed randomly. Alternatively, COS-7 cells plated on glass coverslips were transfected with EGFP-tagged SCF constructs. After addition of melb-a cells, living cocultures were photographed on an inverted fluorescence microscope (Axiovert 100; Zeiss).
MDCK Cell Transfection with Normal and EGFPTagged Wildtype and Mutant SCF and Detection of Polarized Proteins
MDCK cells were obtained from ATCC and cultured in DMEM containing 10% FCS. Myc-epitope-tagged cDNAs encoding KL-S, KL-M1, KL-M2, and Sl 17H -mutated KL-M1 were subcloned into pcDNA3 (Invitrogen). MDCK cells were transfected at 30% confluency with LipofectAMINE reagent as described above. In order to increase the transfection efficiency, MDCK cells were transfected in the presence of 1000 U of hyaluronidase (Calbiochem) per 1 ml of transfection solution, which increased the number of transfected MDCK cells three-to fivefold (data not shown). Two days after transfection, cells were plated at different concentrations into 10-cm culture plates and selected in the presence of 500 g/ml G418 (Gibco). After 2 weeks of selection, cells on plates containing multiple colonies (10 -20) were trypsinized and cloned by serial dilutions in 96-well plates in the presence of G418. Individual clones were tested for anti-SCF immunoreactivity as described above. Positive clones were tested for their ability to form tight monolayers on high-density transwell filters (0.4 m) (BectonDickinson). The confluency of the monolayers was confirmed visually and the integrity of tight junctions was tested overnight for their ability to prevent diffusion of phenol red from the lower to the upper compartment. Selected clones were grown to confluency on the transwell filters and were then incubated for 6 days in 10% FCS containing DMEM. An aliquot of medium from the upper and lower compartments was run on a 12% SDS gel, blotted, and analyzed for SCF immunoreactivity as described above.
To observe the distribution of wildtype and Sl 17H mutant EGFPtagged SCF protein in polarized epithelial cells, we transfected MDCK cells using Fugen 6 (Roche) according to the manufacturer's recommendations. One day after transfection cells were plated at low density in the presence of 500 g/ml G418. Fluorescent colonies were isolated and enriched for EGFP-expressing cells by fluorescent-activated cell sorting (FACStar Plus; BectonDickinson). Transfected cells were seeded onto glass coverslips and the EGFP tag was visualized on a Zeiss Axiovert 100 microscope equipped with a motorized stage and a digital camera (Hamamatsu). Image capture, stage movements, and threedimensional reconstruction of SCF-EGFP-transfected MDCK cells were performed from optical slices taken every 0.2 m using the Openlab software package (Improvision).
RESULTS
Reduced Numbers of Melanocyte Precursors Disperse in Sl 17H Homozygous Mutant Embryos
In the trunk of normal embryonic mice, melanocyte precursors begin to disperse on the lateral crest cell migration pathway from the migration staging area (MSA; Weston, 1991; Wehrle-Haller and Weston, 1997) at about e11-11.5. While still in the MSA, these melanocyte precursors begin to express c-kit and TRP-2, while mRNA encoding the c-kit ligand, SCF, is expressed in the dorsal aspect of the epithelial dermatome that borders the lateral migration pathway (Wehrle-Haller and Weston, 1995) . In order to gain insight into the cause of the pigmentation defect in Sl 17H homozygous mice, we compared the initial dispersal of melanocyte precursors from the MSA (e11.5) onto the lateral pathway and subsequent dispersal of these cells in the mesenchymal dermis (e12.5) in wildtype embryos and in Sl 17H mutant homozygotes. In e11.5 homozygous Sl 17H mutant embryos, fewer TRP-2/c-kit mRNA-expressing cells were found in the MSA compared to wildtype littermates (arrows in Figs. 2A and  2B ). Moreover, fewer cells were localized on the lateral pathway at hindlimb levels (Figs. 2A, 2B, 2C, and 2D) . Interestingly, in mutant embryos (Figs. 2B and 2D) , melanocyte precursors were found in a narrower band, in contrast to the broader distribution of cells in wildtype embryos ( Figs. 2A and 2C ). More anterior in the trunk, a few irregularly spaced melanocyte precursors could be detected on the lateral pathway in Sl 17H homozygous mutant embryos (not shown). In contrast to wild type, the head of mutant embryos contained only a small number of TRP-2/ c-kit mRNA-expressing cells at the level of the second branchial arch, the precursor of the ear pinna (Figs. 2E and  2F ).
At e12.5, a few TRP-2-positive cells were detected in Sl
17H
homozygous embryos at the level of the ear pinna (not shown). Although cells could not be detected in the anterior trunk of mutant embryos, they were present on the lateral pathway at hindlimb levels (Fig. 2H ). Some TRP-2-positive cells were also found entering the posterior portion of the hindlimb (a site of SCF mRNA and protein expression), comparable to wild type (Fig. 2G ). Although melanocyte precursors occupied similar regions in Sl 17H and wildtype embryos, their number was dramatically reduced in Sl 17H mutant embryos compared to wild type.
By e13.5, TRP-2-positive cells could no longer be detected in mutant embryos at any location where they were normally observed in wildtype embryos (data not shown).
SCF Protein Expression Is Reduced, and Its Location Is Altered, in Sl 17H Mutant Embryos
Since the reduced number of melanocyte precursors in Sl 17H mutant embryos was already evident by e11.5, the cause of this phenotype seems likely to be associated with SCF expression normally seen in the dermatome by e10.5. Since SCF mRNA levels appear to be comparable in wildtype and Sl 17H homozygous mutant embryos (Brannan et al., 1992) , we analyzed SCF protein distribution in the dermatome of wildtype and Sl 17H mutant tissues in order to reveal possible differences. Compared to wild type, the amount of SCF immunoreactivity (SCF-IR) was dramatically reduced in all Sl 17H homozygous mutant embryos examined (e10.5, e11.5, e13.5; n ϭ 5). At e10.5 in wildtype embryos, SCF protein was detected in the dermatome, pronephros, and genital ridges in the trunk and in the floorplate along the entire axis (Figs. 3A-3E ). However, in Sl 17H homozygous mutant embryos, fainter SCF-IR was detected in the dermatome, pronephros, genital ridges, and floorplate (Figs. 3F-3J ). Interestingly, in contrast to wildtype SCF-IR, which is found in luminal as well as in basolateral aspects of the dermatome, the pronephros, and the floorplate (Figs. 3A-3E ), SCF-IR in Sl 17H mutant embryos is found only in the luminal aspect of the dermatome, pronephros, and floorplate (Figs. 3F-3J) . Particularly, the accumulation of basal SCF-IR associated with neuronal fiber tracks crossing the floorplate is not observed in Sl 17H mutant embryos (brackets in Figs. 3E and 3J) .
As with e10.5 embryos, the SCF-IR in e11.5 Sl 17H homozygous mutant embryos was severely reduced in the floorplate and genital ridges (not shown). At e13.5 SCF-IR in Sl 17H mutant embryos could not be detected in dermal mesenchymal regions in the dorsal aspect of the tail, a site of wildtype SCF-IR (not shown). In summary, SCF-IR in mesenchymal tissues is dramatically reduced in Sl 17H mutant embryos compared to wild type. In addition, in embryonic epithelial tissues, Sl 17H mutant SCF-IR is localized primarily to the apical compartment, whereas in wildtype embryos the majority of SCF-IR was found in basal compartments.
Sl
17H Mutant SCF Protein Is Expressed at Reduced Levels on the Surface of Transfected COS-7 Cells
From the immunohistochemical data presented above, it was clear that the level of SCF protein was reduced in Sl 17H mutant embryos. Similarly, Cheng and Flanagan (1994) found a reduced expression of Sl 17H mutant protein, by histochemical criteria, on the surface of transiently transfected COS-7 cells. Since quantitative determination and comparison of secreted and membrane-bound wildtype and mutant SCF protein levels was not performed (Brannan et al., 1992; Cheng and Flanagan, 1994; Tajima et al., 1998) , however, we attempted to determine relative levels of wildtype and Sl 17H mutant SCF proteins expressed on cell surfaces. Accordingly, different forms of SCF, all tagged with the epitope of the anti-myc 9E-10 monoclonal antibody, were transiently expressed in cultured COS-7 cells (see Material and Methods).
In order to determine the relative amount of Sl 17H mutant SCF protein expressed on the surface of transfected cells, we biotinylated the surface of transiently transfected COS-7 cells for 15 min. After cell lysis, a fraction of the total amount of biotinylated surface proteins was precipitated with avidin beads and the relative amount of SCF precursors in this fraction was revealed on Western blots with a polyclonal SCF antibody directed against the extracellular SCF growth factor domain or the 9E-10 anti-myc tag monoclonal antibody (Evans et al., 1985) . Both the large splice variant and the membrane-bound form of SCF (KL-M1 myc and KL-M2 myc , respectively) were present in comparable amounts on the surface of COS-7 cells (Figs. 4A and 4C) . Interestingly, however, biotinylation of the large splice variant of Sl 17H mutant SCF (17H/KL-M1 myc ) was found to be significantly reduced, although it exhibits an identical extracellular domain, compared to wildtype SCF (KL-M1 myc ) (Fig. 4A) . Thus, although the amount of biotinylated mutant SCF expressed at the cell surface was significantly reduced compared with wildtype, the total amounts of SCF-immunoreactive proteins present in the lysates of wildtype and mutant SCF-transfected COS-7 cells were similar (Fig. 4B) . Similar to the larger splice variant, biotinylation of the membrane-bound splice variant of Sl 17H mutant SCF (17H/KL-M2 myc ) was found to be significantly less than the respective wildtype form (Fig. 4C) .
Since we could not completely exclude possible changes of anti-SCF antibody avidity toward the extracellular domain of SCF due to the mutant cytoplasmic tail, we probed total cellular lysates and avidin-precipitated proteins with the 9E-10 antibody as well. Total COS-7 cell lysates of KL-M2 myc -and 17H/KL-M2 myc -transfected cells revealed bands of similar intensities when blotted with the 9E-10 antibody (Fig. 4D) . Examination of cell surface biotinylated SCF from these two samples by the 9E-10 antibody illustrated a reduction of cell-surface-expressed Sl 17H mutant
FIG. 3. SCF immunoreactivity (SCF-IR) in wildtype and Sl 17H homozygous mutant tissue. Cross sections of wildtype embryos (A-E) and Sl
17H homozygous littermates (F-J) at e10.5, stained in parallel with affinity-purified anti-SCF antiserum (A-J) or only secondary reagents (K-O). Sections stained with anti-SCF antibodies (anti-SCF Ab) or without primary antibody (no 1 er Ab) of the dermatome (A, F, and K), pronephros (B, G, and L), genital ridges (C, H, and M), and floorplate (D, I, and N) at posterior midtrunk levels of e10.5 embryos. The mediodorsal boundary of the dermatome is indicated by arrowheads. Note the reduced SCF-IR between wildtype and Sl 17H homozygous mutant sections in the dermatome and floorplate as well as pronephros and genital ridges (compare A-D with F-I). Note also the differential distribution of SCF-IR in the dermatome and pronephros between wildtype and Sl 17H homozygous embryos (compare A with F and B with G). Cross sections of the floorplate at midbrain levels of wildtype (E) and Sl 17H homozygous mutant embryos (J). The location of neuronal fiber tracks crossing the floorplate is indicated by brackets (in E and J). Note the absence of SCF-IR accumulation associated with these fibers in Sl 17H homozygous mutant embryos. dm, dermatome; fp, floorplate; gr, genital ridges; pn, pronephros. Bar corresponds to 63 m in A-O. SCF (Fig. 4D) . Incubation of the same blots with polyclonal anti-SCF antibodies revealed similar intensities of the bands as observed with the 9E-10 antibody (Fig. 4E ).
Membrane-Associated Sl 17H Mutant SCF Protein Is Functional
The reduced numbers of melanocyte precursors seen in e11.5-12.5 mutant embryos might result from the inability of c-kit-expressing cells to recognize mutant SCF expressed on dermatome-derived dermal fibroblasts. In order to test whether Sl 17H mutant SCF expressed on dermal fibroblasts can be recognized by c-kit-containing cells, we developed a simple coculture assay: SCF-dependent melb-a cells (a melanoblast cell line; Sviderskaya et al., 1995) were seeded in serum-free medium onto transiently transfected COS-7 cells (see Material and Methods). After 24 h, cultures were washed and assessed for the association of melanoblasts and transfected COS-7 cells. In four independent experiments, aggregates (asterisks in Fig. 5 ) of melanoblasts and COS-7 cells were found consistently in cultures in which COS-7 cells had been transfected with membrane-bound forms of SCF (KL-M1 myc , KL-M2 myc , Figs. 5A and 5B), but not in cultures transfected with secreted forms of SCF (KL-S myc ; Fig. 5C ) or no DNA (Fig. 5F ). Aggregates of melanoblasts and COS-7 cells transfected with 17H/KL-M1 myc and 17H/ KL-M2 myc (Figs. 5D and 5F) were indistinguishable from cultures containing cells transfected with wildtype SCF cDNA. This indicates that the Sl 17H mutant forms of SCF, when expressed on the surface of fibroblasts, are active and accessible for binding by c-kit-expressing melanoblasts.
To further reveal details about the melb-a/COS-7 aggregates, we repeated the above experiment with COS-7 cells transfected with various EGFP-tagged SCF constructs. Aggregates which were formed were always associated with green fluorescent cells (Figs. 5G-5N ). Two classes of attached melb-a cells were observed: (1) round cells which were detached from the substrate and only loosely connected to the surface of the COS-7 cells and (2) spread melb-a cells forming extensive areas of contacts which were often highlighted by EGFP fluorescence (Figs. 5G and 5H ). Round pocket-like structures were formed within the surface of COS-7 cells (asterisk, Fig. 5H ) only in cells transfected with the membrane-bound variant of wildtype SCF (KL-EGFP-M2 myc ).
SCF Protein Accumulates in the Basolateral Compartment of Epithelia
Based on the foregoing results, it appears that membraneassociated Sl 17H mutant protein is recognized and bound by c-kit-expressing melanoblasts in culture, but a reduced amount of SCF expressed at the cell surface is responsible for the reduced number of melanocyte precursors on the lateral pathway by e11.5, as well as of primordial germ cells in the genital ridge (Brannan et al., 1992) of Sl 17H homozygous mutant embryos. We were puzzled, however, by the apparent discrepancy between the ability of SCF-dependent hematopoietic cells and female germ cells to persist in Sl 17H mutants and the complete loss of melanocyte precursors prior to epidermal invasion and of male germ cells in the testis of mutant animals. In this regard, it is noteworthy that melanocyte precursors will migrate through the basement membrane into the basal portion of the SCFexpressing epidermal keratinocyte layer by e13.5. Similarly, male germ cells undergo SCF-dependent proliferation in the basal compartment of the Sertoli cell layer of the testis. Because of this association of SCF-dependent cell popula- 
FIG. 5. Adhesion of melanoblasts to COS-7 cells transfected with cell-surface-associated wildtype and Sl
17H mutant SCF. COS-7 cells were transiently transfected with various forms of SCF (see Fig. 1 ). 24 h after transfection, COS-7 cells were washed and melb-a cells were plated in serum-free medium. After 24 h cultures were washed, fixed, and photographed (A-F) or they were cultured for 48 h and observed alive (G-N). Independent of the cDNA used to transfect the COS-7 cells, melb-a cells attached to the culture dish, displaying a characteristic spindle-like shape. When COS-7 cells were transfected with membrane-bound forms of wildtype SCF (A, KL-M1 myc ; G, KL-EGFP-M1 myc ; B, KL-M2 myc ; and H, KL-EGFP-M2 myc ), melb-a cells were observed to bind to COS-7 cells, forming aggregates of melb-a cells on COS-7 cells (asterisks). Similar aggregates were also observed when COS-7 cells were transfected with Sl tions with the basal compartment of epithelial tissues, it seemed possible that normal SCF function required appropriate asymmetric localization of SCF protein in embryonic epithelia.
To test this notion, we examined SCF protein localization in wildtype embryonic epithelial tissues. In general, SCF-IR was always detected in tissues previously reported to express SCF mRNA (Keshet et al., 1991; Bedell et al., 1995; Wehrle-Haller and Weston, 1995) , as well as in some other locations like the optic stalk. Surprisingly, SCF protein expressed within epithelial tissues was predominantly accumulating within the basolateral compartment. Thus, at e10.5, SCF-IR can be detected in the apical and basolateral compartments of the dermatome, the floorplate, and the pronephros (Figs. 3A-3D ). At e11.5 basolateral SCF-IR has increased in the mesonephros (Fig. 6A) and is almost exclusively localized to the basal aspect of the floorplate (populated by crossing axonal tracts) (Fig. 6B) . At e12.5 SCF-IR can be detected in basolateral locations within the epidermal keratinocyte layer (Fig. 6C) , the floorplate (Fig.  6E) , and the mesonephros (not shown). At e13.5 SCF-IR is found in the basal aspect of the epidermis and nephritic tubules (not shown). It should be emphasized, however, that SCF-IR is also found uniformly distributed in many nonepithelial (mesenchymal) tissues such as the dermal mesenchyme formed from the epithelial dermatome, as well as the genital ridges, cartilage condensations in the head and ribs (not shown), and condensed mesenchyme surrounding the inner ear (Fig. 6G) .
Differential Localization and Release of Wildtype and Sl 17H Mutant SCF from Polarized Epithelial Cells Might Explain the Paradoxical Survival of Some SCF-Dependent Cells
Melanocyte precursors and spermatogonia both depend on SCF support, while localized in the basal compartment of the epidermal keratinocytes (e13.5; Nishikawa, et al., 1991) or the Sertoli cell layer , respectively. We therefore tested the hypothesis that the cytoplasmic domain of wildtype SCF is required for polarized expression of SCF in the basal compartment of epithelial tissues. This hypothesis predicts that the lack of the membrane anchor in KL-S (Sl d mutant) SCF, or the substitution of the cytoplasmic tail in Sl 17H mutant SCF, would lead to altered localization and subsequent secretion of SCF from epithelial tissues. To test this prediction, we stably transfected MDCK (epithelial) cells with plasmids containing myc epitope-or EGFP-tagged KL-S, KL-M1, KL-M2, and Sl 17H mutant SCF and observed the accumulation of SCF released in a two-chamber culture system or expressed in confluent epithelial layers (see Material and Methods). As seen in Fig. 7 , secreted SCF derived from both wildtype forms of SCF (KL-M1 myc and KL-M2 myc ) was found primarily in the lower culture chamber, which is in contact with the basolateral compartment of the MDCK monolayer. In contrast, SCF lacking a transmembrane and cytoplasmic tail (KL-S myc ), which is homologous to Sl d , accumulated in the upper culture chamber, which is in contact with the apical surface of the MDCK monolayer. Similarly, secreted SCF derived from Sl 17H mutant SCF (17H/KL-M1 myc ) also accumulated in the upper culture chamber. Furthermore, the expression of EGFP-tagged SCF in mesenchymal-like COS-7 cells (Figs. 8A-8D mutant forms of SCF remained expressed on the apical (medium-facing) membrane and were never found in intercellular regions (basolateral localization) (Figs. 8F and 8H ). We conclude, therefore, that the cytoplasmic domain of wildtype SCF plays a role in targeting SCF to the basolateral compartment in MDCK cells, while SCF with a truncated or mutant cytoplasmic domain is relocalized to the apical compartment.
DISCUSSION
Altered Melanocyte Precursor Distribution in Sl
17H
Homozygous Mutant Embryos Correlates with Reduced SCF Immunoreactivity on the Lateral Migration Pathway
In order to understand the pigmentation defect in the Sl 17H mutant animals we followed the dispersal of melanocyte precursors on the lateral crest migration pathway of mutant homozygous embryos. We found that the number of melanocyte precursors is dramatically reduced very soon after they first appear in the neural crest migration staging area Weston, 1995, 1997) . Specifically, in Sl 17H mutant tissue, melanocyte precursors can be detected only in regions, such as the ear pinna and the hindlimb and tail regions (Wehrle-Haller and Weston, 1995) , where the density of melanocyte precursors in wildtype embryos is very high.
To account for this reduced number of migrating melanocyte precursors between e11.5 and e12.5, we hypothesize that an overall reduction in the amounts of SCF protein in dermatome-derived mesenchymal dermis leads to the loss of SCF-dependent cells. This is supported by the very faint staining of SCF protein in the dermatome in Sl 17H homozygous mutant embryos. The low density of melanocyte precursors in the Sl 17H mutants would indicate a reduced amount of SCF protein in almost all areas of the embryo, allowing survival of melanocyte precursors only in regions where SCF protein concentration is above some critical threshold. Similar to the situation of melanocyte precursors, the number of germ cells present in the genital ridge, between e10.5 and e12.5, is reduced to 10% of its original level in Sl 17H mutant tissue (Brannan et al., 1992) . This reduction in germ-cell number correlates well with the reduced levels of SCF-IR in the genital ridges at e10.5 and therefore a lack of proliferation of germ-cell precursors in this area.
Reduced Surface Expression of Sl 17H Mutant SCF Is Due to the Altered Cytoplasmic Tail
It is possible that the reduced SCF-IR in Sl 17H mutant embryo is due to a low expression of mutant SCF on the surface of cells. This low cell-surface expression is inferred from our inability to biotinylate Sl 17H mutant SCF expressed on the surface of COS-7 cells, a difference which was not noted previously when SCF proteins were immunoprecipi- tated from cell lysates (Cheng and Flanagan, 1994; Tajima et al., 1998) . Our results, however, are consistent with those of Cheng and Flanagan (1994) , who reported a 10-fold reduction in the amount of surface Sl 17H mutant SCF detected by binding and subsequent detection of alkaline phosphatase coupled to the extracellular portion of c-kit. Furthermore, Briley and colleagues (1997) have recently shown that mutations in the cytoplasmic tail of TGF␣, . The region between the two white bars shown in E and F was optically sectioned every 0.2 m and reconstructed in three dimensions. In G and H the reconstructions from E and F, respectively, are viewed from the side. Note the basolateral localization of wildtype SCF versus the apical localization (upper surface) observed in mutant SCF (arrows in E, G and F, H, respectively, point to corresponding EGFP-labeled structures). The location of the nucleus (n) is indicated in A-D and F and the level of the coverslip by white arrowheads in G and H. Bar corresponds to 34 m in A-H and to 17 m along the z axis in G and H.
which is very similar to that of SCF, lead to reduced cell-surface expression of TGF␣ and an accumulation of mutated proteins in the ER. It has been previously noted that membrane-bound SCF could serve as an adhesion receptor for c-kit-expressing cells (e.g., mast cells) (Flanagan et al., 1991) . The consequences of the Sl d mutation, in which only soluble SCF is produced, suggest that membrane-bound SCF is also required for survival of melanocyte precursors in the dermis (e12.5) (Wehrle-Haller and Weston, 1995) . Because of the survival of melanocyte precursors in Sl 17H mutant dermis and binding of melb-a cells to Sl 17H SCF-transfected fibroblasts, the presence of membrane-bound SCF even at lower levels appears to be sufficient to allow attachment to dermal fibroblasts as well as survival of melanocyte precursors in the dermis at e12.5. Therefore, the phenotype of the Sl 17H mutation suggests that membrane-bound SCF provides cell attachment and survival irrespective of its cytoplasmic tail. In contrast, morphogenetic functions like melanocyte precursor homing into the epidermis or homing of hematopoietic stem cells to the spleen (Tajima et al., 1998) require the correct cytoplasmic tail of SCF to be present.
The Cytoplasmic Tail of SCF Is Required for Basolateral Targeting and Polarized Secretion of SCF in Epithelial Tissues
We have established that the amounts of SCF protein encountered by migrating melanocyte precursors are reduced in Sl 17H embryos. It is important to emphasize, however, that there is yet another mechanism, in addition to reduced surface expression, that could limit the amount of SCF activity that dispersing cells encounter and that could account for the paradoxical survival of some SCFdependent cells in Sl 17H embryos. Specifically, a mechanism that causes mislocalization of SCF activity in embryonic tissues would result in the same phenotype. Thus, several different observations led us to investigate the possibility that polarized expression of SCF is altered in mutant epithelia. First, several tissues that express SCF during embryogenesis and in the adult, including the dermatome, the epidermal keratinocyte layer, the floorplate, the pronephros, and the Sertoli cell layer in the testis, are epithelial tissues. Second, melanocyte precursors and spermatogonia ultimately reside and differentiate in the basolateral portion of the keratinocyte and Sertoli cell layers, respectively. Third, the SCF protein accumulates predominantly in the basolateral aspect of many of these epithelial tissues (see Results). In the adult testis, although SCF-IR can be found throughout the Sertoli cell layer, SCF seems to be increased in the basal compartment at stages of spermatogonia proliferation during the spermatocyte maturation cycle . In apparent contrast, however, SCF-IR in dermal capillary endothelial cells is predominantly found on the luminal (apical) side of the endothelial cells (Weiss et al., 1995) , and the earliest SCF-IR in the floorplate is detected in the apical compartment (Fig. 3D) . As soon as axonal tracts begin to cross the floorplate basal compartment, however, SCF protein predominantly accumulates in this basal compartment colocalizing with the crossing axonal fiber tracts (Campbell and Peterson, 1993) . In this case, SCF localization to the basal compartment of the floorplate may be in response to floorplate differentiation or axonal contact.
Many proteins have been studied for their polarized expression in a model epithelial system (i.e., a monolayer culture of MDCK cells). Within this system, secreted glycoproteins which do not exhibit a membrane anchor are released into the apical compartment (Fiedler and Simons, 1995) . Similarly, GPI-anchored proteins localize to the apical compartment. Therefore, the default pathway for protein transport in MDCK cells appears to be directed toward the apical domain (Matter and Mellman, 1994; Fiedler and Simons, 1995; Weimbs et al., 1997) . Only proteins that contain a specific basolateral targeting signal are found in the basolateral compartment of MDCK cells (Matter and Mellman, 1994) . TGF␣, the cytoplasmic tail of which is similar in length to that of SCF, has been shown to be associated with the basolateral surface of MDCK cells (Dempsey and Coffey, 1994) . However, a fraction of wildtype SCF-IR is also localized to the apical domain (e.g., dermatome and floorplate), which could represent the pool of intracellular, unsorted SCF. Alternatively, SCF may localize initially to the apical compartment from which it is then specifically transported to the basolateral compartment. The mechanism, as well as the peptide sequences responsible for the basolateral targeting of SCF seen in MDCK cells, remains to be identified, but this system promises to be informative in this regard.
Because we find that secreted SCF (KL-S) as well as Sl 17H mutant SCF accumulates in the medium in contact with the apical compartment, we suggest that these mutant forms of SCF use the default pathway of protein transport in MDCK cells. The fact that we see a pattern of SCF-IR within the apical compartment of the dermatome, pronephros, and floorplate in e10.5 Sl 17H mutant embryos suggests that other epithelial tissues may also aberrantly express Sl 17H mutant SCF in the apical compartment. However, it is important to acknowledge that we do not know to what extent SCF is targeted in other epithelial cell types or whether a kidney-derived epithelial cell line (MDCK) can be compared with either keratinocytes or Sertoli cells.
Basolateral Localization of SCF Provides Ligand to Responsive Cells Located at the Basal Aspect of Epithelia
Regardless of the mechanism of localization, we suggest that altered localization of SCF mutant protein negatively affects the survival of melanocyte precursors during the stages at which they require SCF protein released from the epidermal layer. The basolateral secretion of SCF by epidermal keratinocyte may serve both as a survival and as an invasion signal for c-kit-dependent melanocyte precursors prior to their migration into the epidermis. Similarly, male germ cells require SCF during the proliferation and differentiation of spermatogonia while they reside in the basolateral compartment of the Sertoli cell layer Manova et al., 1993;  for review see MorrisonGraham and Takahashi, 1993) . A lack of delivery of SCF to the basolateral compartment in Sertoli cells could be responsible for the absence of spermatogonial proliferation during the time of testicular maturation of Sl 17H mutant males (Brannan et al., 1992) . During sexual maturation (about the third and fourth postnatal weeks), the bloodtestis barrier, which prevents diffusion of proteins across the tight junctions within the Sertoli cell layer is established (Vitale et al., 1973) . This barrier would prevent the diffusion of apical Sl 17H mutant membrane-bound SCF to the spermatogonia located in the basolateral compartment.
In both males and females, the numbers of spermatogonia and oogonia, respectively, are equally reduced due to the lack of primordial germ-cell proliferation in the genital ridges (Brannan et al., 1992) . In females, oocytes that arise from persistent oogonia can undergo successful maturation stimulated by granulosa cell-derived Sl 17H mutant SCF. In contrast, continuously proliferating spermatogonia appear to be more sensitive to reduced levels of SCF activity . Moreover, since oocytes associate with the apical aspect of the SCF-producing granulosa cells Packer et al., 1994) , the targeting defect in Sl 17H mutant SCF does not further reduce access of oocytes to SCF and therefore would be expected to allow maturation of oocytes and hence fertility in females.
In conclusion, we propose that a general reduction of SCF mutant protein expressed on the cell surface accounts for the reduced number of melanocyte precursors and primordial germ cells on the lateral pathway and genital ridges, respectively. However, the main cause for the loss of melanocyte precursors, hence the Sl 17H pigmentation defect, as well as the sterility in males appears to be the inability of Sl 17H mutant SCF to be targeted to the basolateral compartment in SCF-producing epidermal keratinocytes and Sertoli cells. As a consequence, SCF-dependent cell types do not encounter the appropriately localized SCF signals for epidermal invasion and proliferation. We propose, therefore, that not only the amount of growth factor expression is critical for development, but also its appropriate presentation toward responsive cells.
